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Functional anatomy: From molecule to memory
Josh Dubnau and Tim Tully
The Drosophila memory gene amnesiac is expressed in
neurons that project to mushroom body axons.
Blockade of synaptic transmission in the amnesiac-
expressing cells disrupts memory, but not learning,
suggesting presynaptic and postsynaptic sites for
memory formation.
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The challenge faced by integrative neuroscientists is to
forge conceptual links between gene function at synapses,
neuronal function in circuits and behavioral responses in
animals. This task is particularly daunting when the subject
is a mammal, given the complexity of the gene networks,
neural networks and behavioral repertoires. This has given
impetus for studying simpler model systems [1–5]. Origi-
nally developed by Benzer and colleagues as a model
system for studying behavioral genetics because of its
economy of scale and numerous genetic tools, the fruitfly
Drosophila continues to contribute insights into mecha-
nisms of memory formation. Most recently, Waddell et al.
[6] have identified in the adult fly brain a small set of
dorsal paired medial cells which preferentially express the
amnesiac gene. Disruption of synaptic transmission in
these cells was found to have an intriguing effect: learning
is normal, but memory formation thereafter is diminished.
These new results raise the possibility that distinct
anatomical structures might underlie the genetically dis-
sected components of memory formation [7].
The Drosophila amnesiac gene was identified in a deliber-
ate screen for olfactory memory mutants that nevertheless
exhibit normal initial learning [8]. Molecular identification
of amnesiac showed that it encodes a protein with features
characteristic of a neuropeptide precursor [9,10]. DeZazzo
et al. [11] showed that expression of a transgenic copy of
the wild-type amnesiac gene could rescue the memory
deficit of amnesiac mutant flies — an all important step in
linking the gene’s function to memory formation — which
was replicated by Waddell et al. [6].
Though the mature products of the amnesiac gene have
yet to be identified, consensus cleavage sites suggest
three peptides that are potentially generated from the
precursor protein: one of novel sequence, one with homol-
ogy to growth hormone-releasing hormone and one with
weak homology to pituitary adenylate cyclase activating
polypeptide (PACAP), a neuropeptide first identified in
mammalian pituitary glands that modulates adenylyl
cyclase. This latter homology, of course, is what linked
the molecular genetics of amnesiac to memory. dunce and
rutabaga mutants were identified in a screen for mutations
affecting learning, and the affected genes were found to
encode a cAMP-phosphodiesterase and an adenylyl cyclase,
respectively (see [4] for review). Directed disruptions of
genes encoding other components of the cAMP signaling
pathway — G-protein subunits, catalytic and regulatory
subunits of cAMP-dependent protein kinase, cAMP-
responsive transcription factor CREB — have extended
this link between biochemistry and memory. 
Notably absent from this list are any neurotransmitter
ligand and receptor that might initiate the cAMP cascade.
Early studies suggested that dopamine and/or serotonin
might be the relevant transmitters [12], but subsequent
attempts to replicate these experiments have failed (our
unpublished data). With this backdrop, the PACAP-like
Amnesiac peptide looked like a promising candidate for
being the ellusive neurotransmitter that initiated the cAMP
cascade. This notion was given a Hebbian context by the
suggestion that the Amnesiac peptide might be released
during associative learning in response to the uncondi-
tioned stimulus, US (footshock in the fly task); another, as
yet unidentified, transmitter then would be released by
the conditioned stimulus, CS (an odor in the fly task), and
the coincidence of transmitter release would be detected
postsynaptically [13].
So where in the brain might this Hebbian coincidence
detector for olfactory memory reside? Several studies
on bees and flies have strongly implicated the so-called
mushroom body. The mushroom body is a central control
neuropil that receives multi-modal inputs [14]. In
Drosophila, one hemisegment of the mushroom body con-
sists of approximately 2500 kenyon cells, the primary
afferents of which convey olfactory input via the antennal-
glomerular tract (see Figure 1). The antennal-glomerular
tract projects from the antennal lobe, which itself
receives olfactory input from the antennae. The mush-
room body efferents project to other neuropil regions that
are ultimately involved in motor output. Consistent with
this anatomical view, chemical ablation of mushroom
body neurons completely abolishes olfactory learning in
flies, with no effects on the ‘task-relevant’ sensorimotor
responses, olfactory acuity and shock reactivity [15]. More
importantly, normal cAMP signaling in mushroom body
neurons is required for olfactory learning [16,17], suggest-
ing that the postsynaptic site of the Hebbian (associative)
process might reside within mushroom body neurons
themselves.
Given this background, imagine the surprise of Waddell
et al. [6] when they raised an antibody against a portion of
the amnesiac protein product — which actually corre-
sponded, not to the putative PACAP peptide fragment,
but rather to the novel putative cleavage product — and
found that Amnesiac is present in the dorsal paired medial
cells outside of the mushroom body. To their credit, the
authors did not throw up their hands in disbelief and
switch to mice! Rather, they pushed ahead using another
genetic tool available in this model system.
A transposable P element has been engineered to express a
heterologous regulatory protein — the yeast transcriptional
activator GAL4 — when it is inserted near the promoter
sequence of an endogenous Drosophila gene. This GAL4
‘driver’ then is used to express a transgenic ‘reporter’ gene,
such as the gene encoding beta-galactosidase or green fluo-
rescent protein (GFP). In this manner, different driver
lines have been collected, each of which reveals different
patterns of preferential expression in the adult brain.
Waddell et al. [6] scanned this collection of driver lines and
found two in which the reporter gene appeared to be
expressed predominantly in dorsal paired medial cells.
Waddell et al. [6] used these lines in two important ways.
First, immunostaining for beta-galactosidase was used to
visualize projections from the dorsal paired medial cells.
Surely to the relief of the authors, axons of the dorsal
paired medial cells were found to project to the mushroom
body. A striking feature was observed, however: projec-
tions from the dorsal paired medial cells ramified only to
the lobe (axonal neuropillar) region, rather than the calyx
(dendritic neuropillar) region of the mushroom body.
Second, one of the driver lines was used to block synaptic
transmission from dorsal paired medial neurons. These
transgenic flies expressed a dominant-negative form of
shibirets1. Shibire is the fly homolog of dynamin — a
GTPase that has an essential role in synaptic vesicle recy-
cling. The Shits1 mutation is known to interfere acutely
with synaptic transmission by disrupting vesicle endocyto-
sis in a temperature-sensitive manner [18]. At permissive
temperature, olfactory learning and memory were normal
in these transgenic flies; but at the restrictive temperature,
memory was disrupted to a similar degree as in the amne-
siac mutants. 
This second result most certainly demonstrates an acute
role for dorsal paired medial neurons in memory storage,
prompting Waddell et al. [6] to suggest that the Amnesiac
neuropeptide is actively involved in this process. Impor-
tantly, however, the new data do not exclude the possibil-
ity that amnesiac is required (only) during development
of dorsal paired medial neurons. The rescue experiments
by DeZazzo et al. [11] and Waddell et al. [6] succeeded
when the amn+ transgene was expressed throughout
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Figure 1
Neural model of olfactory learning in
Drosophila. The mushroom body (MB) is a
central control neuropil (blue) that receives
multi-modal input and sends output to other
brain regions ultimately involved in the motor
control of odor avoidance responses (MCN;
orange). Feedback within mushroom body
neurons is likely. Olfactory information is
relayed from antennae to dendrites of
mushroom body neurons in the calyx (CA) via
antennal lobe (AL) interneurons (red).
Concomitant input from footshock is
conveyed to the mushroom body via an as yet
unknown circuit (red). Dorsal paired medial
(DPM) neurons (green) ramify onto axonal
projections of mushroom body neurons (α, α′,
β and γ lobes), imparting a neuromodulatory
influence. We propose that Hebbian
processes underlying the acquisition of
olfactory information occur (at least) in
mushroom body dendrites, thereby
modulating synaptic transmission from
mushroom body axons to motor control
circuits that yield odor avoidance responses.
Middle-term memory (MTM) formation involves
a Kandelian presynaptic process of
neuromodulation.
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development, but not when its expression was limited to
the adult stage [11]. Furthermore, Waddell et al. [6] did
not establish that the dorsal paired medial neurons develop
normally in amnesiac mutants. Given that one putative
peptide product of the amnesiac gene is homologous to
growth hormone releasing hormone, this point would be
worth investigating further.
Perhaps a more telling observation from the behavioral
experiments reported by Waddell et al. [6] is that initial
learning levels remain normal at the restrictive tempera-
ture in transgenic UAS-shibirets1 flies. This result alone
excludes Amnesiac from being the neurotransmitter that
mediates the response to the US (footshock), and elimi-
nates the synapses made by dorsal paired medial neurons
onto the mushroom body from being the sites of the
Hebbian associative process (see above).
So, where is the site of the Hebbian synapse for olfactory
learning? And what precisely does Amnesiac do? We
recently have used the UAS-shibirets1 transgene to con-
tribute a few more pieces to this puzzle (J. Dubnau and
T. Tully, unpublished). We limited UAS-shibirets1 expres-
sion to mushroom body neurons using a different set of
GAL4 drivers lines. By capitalizing on the reversibility of
the UAS-shibirets1 temperature-sensitive effect, we then
were able to ask whether acquisition, storage or retrieval
of olfactory memory requires synaptic transmission from
mushroom body neurons. Surprisingly, we found that
memory retrieval alone is blocked when synaptic transmis-
sion from mushroom body neurons is disrupted; acquisi-
tion of the odor-shock association and memory storage
thereafter remain normal. These results argue that acquisi-
tion and storage of olfactory memory both occur ‘upstream’
of synaptic output from the mushroom body.
So where ‘upstream’ does the Hebbian process occur?
There is evidence that some olfactory associations take
place in antennal lobes [2,19], and synaptic transmission
from antennal-glomerular tract neurons onto mushroom
body dendrites was not blocked in our UAS-shibirets1
experiments. Two key studies indicate that the mushroom
body is, nonetheless, a site for Hebbian associations. Con-
nolly et al. [16] limited disruptions of G-protein expression
to the mushroom body and found that olfactory learning
was completely abolished; conversely, Zars et al. [17] found
that the learning deficit of rutabaga mutants could be
rescued by limited expression of a wild-type rutabaga
transgene in mushroom body neurons. 
Together, these data support a model in which a Hebbian
synapse resides in the mushroom body calyx (Figure 1).
According to this model, the odor CS is mediated by
neural activity in antennal-glomerular tract interneurons,
which project from the antennal lobes to the mushroom
body calyx. The footshock US is mediated by an as yet
unknown neural circuit, which also is likely to project to
this neuropil. In mushroom body dendrites, then, the
calcium-sensitive adenylyl cyclase encoded by the rutabaga
gene may serve as a postsynaptic coincidence detector for
CS-US pairings. 
The new results reported by Waddell et al. [6] suggest that
dorsal paired medial neurons contribute a novel functional
anatomy to this integrative model of memory formation.
Several behavioral studies have shown that amnesiac par-
ticipates in the genetically distinct form of ‘middle-term
memory’ [4], which is induced by the initial associative
experience and which is necessary to establish later stages
of memory. By inference, then, the Amnesiac peptide
appears to play a neuromodulatory role restricted to a par-
ticular stage of memory formation. The architecture of
Amnesiac-producing dorsal paired medial neurons sug-
gests the existence of specific neuromodulatory synapses
onto mushroom body axons, which are involved in the
appearance of middle-term memory. As memory retrieval
can be blocked entirely by disruption of synaptic transmis-
sion from mushroom body neurons, this neuromodulatory
effect might reside presynaptically as a ‘Kandelian’ synapse
(see Figure 1) [20]. 
With the new insights from this one gene, the ante has been
upped on integrative models of memory to include molecu-
lar mechanisms at both pre- and post-synaptic ends of the
same neuron! Combined with behavioral manifestations of
genetically distinct memory phases, this model begins to
show how multiple cellular mechanisms contribute to an
animal’s experience. Surely, more genes are involved in the
process of memory formation. Thus, we can expect more
gene discovery to enrich this model of memory.
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